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Abstract

Polycrystalline disk superalloys and single crystal blade superalloys have divergent grain and
precipitate microstructures but can each display reduced strength and increasing deformation for certain
test conditions at high temperatures. To allow thermo-mechanical processes such as forging and rolling to
be applied, favorable temperatures and strain rates must first be identified using compression testing. The
objective of this study was to perform compression tests at high temperatures on a polycrystalline disk
superalloy and a single crystal blade superalloy in order to compare their stress-strain responses for given
test conditions and determine preferred conditions. It was determined that the conditions required for
stable flow differed significantly between the polycrystalline and single crystal superalloys. The
conditions leading to unstable flow were also identified for each alloy. The microstructural deformation
modes for both stable and unstable flow are discussed.

Introduction

Polycrystalline turbine disk alloys contain moderate levels of strengthening refractory elements and
about 45 to 55 percent of y' precipitates with relatively low y’ solvus temperatures of 1100 to 1200 °C, to
allow versatile thermomechanical processing necessary to produce high performance turbine disks
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(Refs. 1 and 2). When processed to produce uniform microstructures with grain sizes of 10 to 60 pm in
diameter, these alloys can exhibit good tensile strength, creep resistance, and fatigue resistance at
temperatures up to 760 °C. In contrast, single crystal turbine airfoil superalloys have increased levels of
strengthening refractory elements and about 65 to 70 percent of y' precipitates with higher y’ solvus
temperatures. When carefully cast as a single crystals grown in the [001] crystallographic orientation,
which gives low elastic modulus and multiple favorable deformation systems, these alloys can provide
superior creep and thermal fatigue resistance for potential airfoil applications at temperatures up to
1200 °C (Refs. 1 and 2).

Due to their strengthening y' precipitates, polycrystalline disk superalloys have high flow stress and
are difficult to deform at low and intermediate temperatures. However, at high temperatures approaching
their y' solvus temperatures, disk alloys can have reduced flow stress and support more extended
deformation. This is largely attributed to the grain boundary sliding mechanism which becomes the
dominant deformation mode at temperatures above 760 °C and can allow stable superplastic flow at
temperatures above 900 °C (Refs. 3 and 4). Dynamic recrystallization can also occur in some deformation
conditions (Refs. 5 and 6).

The same trends of reduced flow stress and extended inelastic deformation occur in single crystal
superalloys, although for different reasons. The variations in y' contents and solvus temperatures, as well
as grain size and anisotropic properties could have divergent effects on inelastic deformation for a fixed
test condition applied to these two classes of superalloys. In single crystal airfoil superalloys, slip
deformation by dislocations on {111} octahedral planes in <101> directions is usually reported at
temperatures up to about 900 °C (Refs. 7 and 8). At higher temperatures and strain rates of at least
0.001 s7!, slip by dislocations on {001} cube planes in <101> directions becomes more likely (Refs. 7 and
8). This usually includes shearing of the y’ precipitates by pairs of associated dislocations (Ref. 9). At
intermediate strain rates, time-dependent shearing of the y’ precipitates by micro-twins (Refs. 10 and 11)
or stacking faults can occur, while at slower strain rates dislocations can climb to by-pass the precipitates
(Refs. 12 and 13).

Gas turbine engines can sometimes use both of these classes of superalloys in a single assembled
rotating component, with a polycrystalline superalloy turbine disk holding single crystal superalloy
turbine blades in a stage of the high pressure turbine (Refs. 1 and 2). For applications requiring increases
in gas temperature and efficiency, it could be beneficial if the disk rim holding the blades were also made
of a single crystal superalloy. This would require attachment of single crystal rim segments onto a
polycrystalline disk (Ref. 14). Given their divergent compositions, grain boundary contents, and
strengthening y' phase contents, consideration of attachment concepts would require an understanding of
the stress-strain responses of these two classes of superalloys over a consistent range of input mechanical
testing conditions. The emphasis of this study was to evaluate and contrast the effects of temperature and
strain rate on a polycrystalline disk superalloy and a single crystal blade superalloy through the use of
compression testing. The objective of the present study was to contrast the stress-strain responses of these
divergent alloys and microstructures.

Material and Procedure

The tested compositions of the chosen single crystal superalloy SC-180 (Ref. 15) and polycrystalline
disk superalloy LSHR (Refs. 4 and 14) are listed in Table 1. The polycrystalline LSHR was produced by
atomization of powder, hot compaction, extrusion, and isothermal forging of a pancake disk. Most
specimen blanks were solution heat treated above the solvus of the y' precipitates at a “supersolvus”
temperature 1171 °C for 2 h and air cooled at an average rate of 72 °C/min, and then aging heat treated at

NASA/TM-20205001972 2



TABLE L—COMPOSITION IN WEIGHT PERCENT OF THE TESTED SUPERALLOYS

Alloy—| Al | B C |Co| Cr |Fe |Hf |[Mo| Ni | Nb| O Re | Si S Ta | Ti v W Y Zr
wt.%

LSHR |[3.540|0.03|0.045{20.4|12.30| 0.1 | 0.0 [2.71 | Bal. |1.49|0.02 | ---- {0.012{0.001|1.520| 3.45 | 0.01 | 4.28 |<0.0005|0.049
SC-180 |5.035| ---- [0.003| 10 | 5.40]|0.04/0.09{1.75| Bal. | ---- | ---- |3.065[0.040{0.001|8.725| 0.99 | ---- | 5.00 |---------- 0.006

855 °C for 4 h plus 775 °C for 8 h. A small group of additional specimen blanks were prepared using a
lower solution heat treatment temperature below the solvus of the y' precipitates at a “subsolvus”
temperature of 1135 °C to produce finer grain size with some coarse, undissolved y' precipitates. Several
of these fine grain specimens were given the same air cooling rate and subsequent aging heat treatment as
for the supersolvus heat treated specimens. Other fine grain specimens were directly dropped from the
furnace hot zone into water for a much faster cooling rate and given no aging heat treatment, to minimize
the sizes of “cooling” y' precipitates reformed during this quench.

The single crystal SC-180 was obtained as cast single crystal bars grown within 8° of the [001]
crystallographic direction. Some bars were given only the initial homogenization-solution heat treatment
giving varied y' precipitate sizes. Additional bars were prepared using both the solution and aging heat
treatments for SC-180, as described in Reference 15, to produce refined, more uniform y’ precipitate sizes.
For each alloy, right circular cylinder specimens having a diameter of 7 mm and length of 14 mm were
extracted by electro-discharge machining and then low stress ground to final dimensions. The SC-180
specimens were all machined parallel to the centerline of single crystal bars which had been confirmed
using Laue x-ray diffraction to be oriented within 8° of the [001] crystallographic growth direction.

Specimens were tested at three target temperatures of 1010, 1093, and 1177 °C with strain rates from
0.01 to 10 s!. These were tested at Dynamic Systems Inc. in a Gleeble 3800 Series 3 machine (Ref. 16) with
the specimen enclosed in a chamber maintained at a vacuum of 10~ torr. Direct resistance heating with an
integrated closed-loop temperature control system was utilized to produce a consistent heating rate of 1 °C/s
and then maintain the temperature during compression testing, with specimen temperature measured by a
thermocouple spot-welded to the cylindrical surface midway between the top and bottom faces. After
heating up, the compression test temperature was stabilized for 60 s, then tests were immediately
commenced at the constant targeted strain rate while temperature was maintained. All tests were continued
to an aim upset of 0.50 mm/mm, and target true strain of 0.70 mm/mm. However, several specimens of each
alloy failed before reaching this point, as will be described in the results. After achieving maximum strain,
all tests were cooled by elimination of heating power while maintained at zero load.

Tested LSHR and SC-180 specimens were metallographically prepared for examination on a
longitudinal plane parallel to the loading direction. LSHR specimens were etched to highlight grain
boundaries using Kallings reagent. Grain microstructures were evaluated in a Reichert MeF3 optical
microscope with an Olympus DP72 digital camera and STREAM software, then electron back scattered
diffraction (EBSD) analyses were performed in a Zeiss Auriga Focused [on Beam/Scanning Electron
Microscope (FIB/SEM) using an EDAX Hikari EBSD detector. Data collection and post-processing of
the maps were done using the TSL OIM Data Collection 7 software. LSHR and SC-180 specimens were
etched to highlight y’ phase particles using 33 HCI-33 HNOs -33 H,O-1HF. Precipitate microstructures
were evaluated using Hitachi S4700 and Tescan MAIA3 field emission scanning electron microscopes.
Fracture surfaces were evaluated in a JEOL 6100 scanning electron microscope.

Statistical evaluations of responses were performed using the JMP® 11 statistical software package
(Ref. 17). Controlled variables V were expressed in standardized form V" using the equation:

V'= (V - Vmid)/(o-s*(vmax - Vmin)) (1)
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This produced a range of values from —1 to +1 for each standardized variable of temperature (7”) and
common logarithm of strain rate (log(de/dt)"). Regression model equations were derived by comparing the
results of both forward and reverse stepwise term selection, with a 95 percent probability of significance
required for inclusion of a term. The expression of standardized variables is useful when comparing
significant effects, as the relative effect on the response of each significant variable could then be
assessed by directly comparing the magnitude of the coefficient for each variable (Ref. 17).

Results and Discussion

Starting Microstructures

The microstructures in prepared specimens of LSHR varied significantly with heat treatment, as
shown in Figure 1. Supersolvus heat treated LSHR had a mean linear intercept grain size of 15 um, while
subsolvus heat treated LSHR had a grain size of 8 pm. Primary and secondary vy’ sizes are compared in
Figure 2. The secondary y’ precipitates of LSHR were finer than those for SC-180, as shown in Figure 2
to Figure 3. However, the primary y' particles in the subsolvus heat treated LSHR were larger (0.4 to
4.0 um), and were estimated to provide negligible strengthening. Solution heat treated SC-180 had more

-a

. g [
20.0um TE633LSHR 20.0kV 12.0mm x2 .00k GWBSE 20.0um

Figure 1.—Low magnification scanning electron microscope (SEM) images acquired using the backscattered
electron (BSE) detector, for microstructures of: (a) “coarse grain” LSHR after 1171 °C-2h+slow cooled and
aged, (b) “fine grain” LSHR after 1135 °C-2h+slow cooled and aged, (c) “fine grain” LSHR after 1135 °C-

2h+water quenched. Large dark primary y* particles (P) indicated for the fine grain materials. Smaller bright
boride particles (B) indicated for all materials.
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T722CGSC 20.0kV 12.2mm x30.0k GWBSE 1.00um

(@)

TB8B5FGSL 20.0kV 12.4mm x30.0k GWBSE 1.00um TE33LSHR 20.0kV 12.0mm x30.0k GWBSE 1.00um

(b) (©)

Figure 2.—High magnification scanning electron microscope BSE images of microstructures for: (a) LSHR after
1171 °C-2h+slow cooled and aged, (b) LSHR after 1135 °C-2h+slow cooled and aged, (c) LSHR after 1135 °C-
2h+water quenched.

e 4

: 1 [
QO88MidTr 20.0kV 12.3mm x15.0k SE(L) 4/14/2015 3.00um

(b)

Figure 3.—High magnification scanning electron microscope images of SC-180 y’ microstructures: (a) image
acquired using the secondary electron (SE) detector after initial solution heat treatment, showing varied sizes of y’
precipitates (P), (b) BSE image after subsequent solution heat treatments plus gas furnace quench and aging
heat treatments, showing more uniform sizes of y’ precipitates (Ref. 14).
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varied secondary y’ sizes than that for the fully heat treated SC-180, as shown in Figure 3. Tertiary v/,
with sizes less than 0.05 um, were observed in all these material conditions but these particles would be
expected to dissolve before reaching the test temperatures. Therefore, the tertiary y' precipitates were not
quantified or compared among conditions.

Poly-Crystal Compression Response

Stress-Strain Response

True stress-strain curves are shown for all tests of coarse grain LSHR in Figure 4(a). Stress at a given
strain clearly increased with increasing strain rate and decreased with increasing temperature. Yet, the
shapes of these curves also changed with conditions, with unstable steep reductions in stress with
increasing strain for some conditions. The unstable response was most severe at the highest test
temperature near 1177 °C and at the highest strain rates of 1 to 10 s™!. In these cases, the specimens
attained a peak stress and then became very weak. The specimens sometimes even fractured into multiple
pieces before attaining the target true strain of 0.70 mm/mm.

The unstable response observed near 1177 °C and high strain rates could be influenced by the starting
grain microstructure and y” precipitates. To further explore this unstable response, additional specimens
prepared with finer grain size and with finer secondary y” sizes as shown in Figure 1 and Figure 2 were
also tested at a fast strain rate of 3 s! with varied test temperature. The resulting stress-strain curves are
compared in Figure 4(b). The specimens with finer grain size still had unstable stress strain curves in tests
at 1177 °C, but did not completely fail before reaching 0.70 mm/mm true strain. This modest
improvement occurred both with the standard cooling rate combined with aging heat treatment, as well as
with the very fast water quench combined with no aging heat treatment. However, starting grain size and
heat treatment condition variations did not show a consistent influence on maximum stress attained in the
limited number of tests performed here. Conversely, reducing test temperature to 1093 °C gave larger
improvements in stability of stress-strain response at these high strain rates for both coarse grain and fine
grain microstructure conditions, as well as increasing the maximum stress attained. This is illustrated
more clearly in Figure 4(c), only presenting tests performed at a strain rate of 3 s

Due to changes in the shape of the stress-strain curves, the maximum stress generated during each test
was selected for consistent comparisons of stress -bearing capabilities with respect to strain rate and
temperature. Plots of maximum stress values are shown versus temperature and versus strain rate in
Figure 5(a) and (b). Variations in maximum stress are evident with temperature and strain rate. Strain rate
sensitivity (m) can be modeled by the relationship ¢ = K(de/dt)™ (Ref. 18). A material is usually
considered superplastic in deformation conditions where a strain rate sensitivity m of at least 0.3 is
observed. This can be desirable for enabling material working operations such as forging and hot rolling
(Ref. 18). The strain rate sensitivity m was evaluated by fitting linear regression equations to the log(Max
stress) data as a function of log(strain rate) at constant temperature, according to the equation:

log(o) = log K + m log(de/dt) 2)

The log(max stress) versus log(strain rate) response is shown in Figure 6 Here, the slope of the
regressed line is the strain rate sensitivity (m) as shown for 1010 °C in blue and for 1177 °C in red. At
each test temperature, LSHR had a strain rate sensitivity m that was below 0.3 for these test conditions,
and hence did not show a true superplastic response. Prior work has shown that when not forged and heat
treated, LSHR behaves superplastic in tests performed in this temperature range at slower strain rates - up
to 0.1 s7! (Ref. 4). As a consequence, it is apparent slow strain rates are necessary to encourage a
superplastic response through grain boundary sliding.
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Figure 4. —LSHR true stress-true strain response for (a) all temperatures and varied strain rates, and (b) high
strain rates with varied microstructures. (c) LSHR true stress-true strain response for tests at a strain rate of
3 s~' with varied microstructures. Flow was not sustained well near 1177 °C (red curves).
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Maximum stresses generated in tests performed at 3 s™' on material with the fine grain heat treatment
using the baseline cooling rate plus aging heat treatment and with fine grain as-water quenched heat
treatment are also included in Figure 5 and Figure 6. No clear difference in maximum stresses was
discernable for these specimens in the limited tests performed at 1093 and 1177 °C. Evidently, many of
the finest y” precipitates are quickly dissolved when heating to 1093 or 1177 °C such that the differences
in their sizes produced by the different heat treatments have negligible effects on maximum strength when
tested at these temperatures.
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Figure 5.—Maximum stress response of LSHR versus: (a) temperature and (b) strain rate for fully heat treated
coarse grain and fine grain materials shown in triangles, as well as as-water quenched fine grain material shown
in circles. Grain size and heat treatment condition did not have a strong influence on maximum stress.
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Figure 6.—Log(Maximum stress) versus log(strain rate) response of LSHR. The slopes
of the regressed lines are the strain rate sensitivities m at 1010 °C (blue line) and
1177 °C (red line).

Deformation-Grain Microstructure Relationships

Macroscopic optical images of the deformed overall specimen cross sections observed for LSHR
specimens after varied compression test conditions are compared in Figure 7. These images are arranged
in rows of isotherms to highlight changes with increasing compression test temperature, and in columns
of increasing strain rate. Severe cracking was observed in tests at the highest temperature of 1177 °C.
Only minor cracks were observed at the side surfaces of specimens deformed at lower temperatures.

The typical grain structures observed for each tested condition are compared in the optical images of
Figure 8. Linear intercept grain size measured from optical images is indicated for each test condition.
Specimens tested near 1010 and 1094 °C showed deformed grains with decreased height in the
compressive loading direction. Along most grain boundaries, finer features are observed that were not
easily resolved in optical imaging of these etched specimens. Specimens tested near 1177 °C had more
equiaxed grains with distinct, smooth grain boundaries, which had apparently formed by dynamic
recrystallization during deformation at this temperature. Electron back-scattered diffraction images from

NASA/TM-20205001972 9



(d)

(e) 0 (@)

Figure 7.—Optical macro-images of longitudinal specimen sections for LSHR after: (a) 1010 °C-0.01 s™',
(b) 1010 °C-1 s7", (c) 1010 °C-10 s, (d) 1093 °C-0.1 s7*, () 1177 °C-0.01 s7*, (f) 1177 °C-1 7,
(g) 1177 °C-10 s~'. The loading direction is vertical. Substantial cracking occurred for deformation at 1177 °C.

the latter specimens are shown in Figure 9. Here, different colors represent the different crystallographic
orientation of each grain, making it easier to discern different grains. The three images showing
specimens tested at 1177 °C have the “Image Quality” map overlaid to show where cracks are. These
specimens tested at 1177 °C had equiaxed grains without smaller grains at the grain boundaries, (as seen
in Figure 8(a) to (d), indicating full recrystallization had occurred.

Optical and SEM images of features noted in specimens tested near 1010 and 1177 °C are shown in
Figure 10 and Figure 11. Cavities were often observed at the triple points of grain boundaries near cracks
for specimens tested at all temperatures. These cavities were sometimes connected by cracks along the
grain boundaries. The measured flow instabilities in tests at these temperatures appeared to coincide with
dynamic recrystallization near 1177 °C, which is known to result in flow softening (Ref. 18) and failures
attributed to adiabatic shear (Refs. 19 to 21). In the present study, the flow softening was intensified by
extensive cavitation at the new grain boundaries. It could be that the peak stress in these curves may
coincide with the point where the flow softening from rapid dynamic recrystallization overwhelms the
inherent strength of the pre-existing microstructure. It would be difficult to interrupt additional tests near
the peak stress and before failure in these unstable flow conditions, yet such tests could be useful for
exploring this possible explanation.

NASA/TM-20205001972 10



(d)

(e) ) @)

Figure 8.—Optical images of grain microstructures at the center of each cross section for LSHR after: (a) 1010 °C-
0.01 s, (b) 1010 °C-1 57", (c) 1010 °C-10 57", (d) 1093 °C-0.1 s7', (e) 1177 °C-0.01 s, (f) 1177 °C-1 s7,
(9) 1177 °C-10 s~'. The loading direction is vertical. Recrystallized, equiaxed grains predominated for deformation
at 1177 °C.

NASA/TM-20205001972 11



(c) (d)

Figure 9.—EBSD IPF maps of (a) representative LSHR microstructure (b) tested at 1177 °C,
0.01s7" (c) tested at 1177 °C, 1 s (d) tested at 1177 °C, 10 s~". The loading direction is vertical.

NASA/TM-20205001972 12



Figure 10.—Optical images of many cavities growing at grain boundaries for LSHR after deformation at: a. 1177 °C-
0.01s™, (b) 1177 °C-1 57", (c) 1177 °C-10 s~'. The arrows indicate cavities, which were sometimes connected by
intergranular cracks.

SEM HV: 20.0 kV WD: 13.93 mm
SEM MAG: 1.00 kx Det: SE + LE-BSE 100 pm

SEM HV: 20.0 kV WD: 13.93 mm MAIA3 TESCAN

SEM MAG: 5.00 kx Det: SE 20 pm

(a) (b)

Figure 11.—Scanning electron microscope images acquired using (a) both the SE and BSE detectors, and
(b) acquired using the SEL detector showing cavitation at grain boundaries of LSHR tested at 1177 °C-0.1 s™".
The loading direction is vertical.
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SEM HV: 20.0 kV WD: 5.00 mm

! P . . SE | 3 : SEM MAG: 20.0 kx Det: In-Beam SE
(a) (b)

Figure 12.—Scanning electron microscope SE images showing phase instabilities at grain boundaries of LSHR
after 1177 °C-0.1 s™'. An elongated phase (blue arrow) and cellular y* (red arrow) were observed at scattered
grain boundaries near the outer periphery of the specimen. The loading direction is vertical.

There were also phase instabilities noted at scattered grain boundaries near the periphery of
specimens tested at 1177 °C as shown in Figure 12, including the formation of cellular y” structures and
different, elongated phases believed to be 1 or 6 which can form at lower temperatures in this superalloy
(Ref. 22). Since the test temperature of 1177 °C is above the solvus temperature of the y" phase (Refs. 4
and 15), the cellular y” structures here were presumed to form during cooling after the compression test
was completed. As the solution temperatures of both p and ¢ phases are below the compression testing
temperatures (Ref. 22), these apparently also formed during cooling after the test was completed. For
these reasons, both phase instabilities were not characterized in detail for this study of compression
responses at temperatures where the above phases were not believed to be present.

Images of the failure modes observed in fractured regions of test specimens run at hot, fast unstable
conditions are compared in Figure 13. Fully intergranular failures were observed for the baseline coarse
grain condition as well as the two fine grain conditions.

Single Crystal Compression Response

Stress-Strain Response

True stress-strain curves are shown for all tests of SC-180 in Figure 14. True stress-strain curves
generated for solution heat treated SC-180 are shown in Figure 14(a). Stress at a given strain clearly
increased with increasing strain rate and decreasing temperature. Surprisingly, at the minimum test
temperature of 1010 °C, specimens often completed separated into two pieces by shear failure before
reaching a true strain of 0.70.

The unstable response observed for the solution heat treated SC-180 in tests near 1010 °C could be
related to the relatively wide range of secondary y’ precipitate sizes observed for this heat treatment
condition. To further explore this unstable response, additional specimens with the full solution and aging
heat treatments giving more uniform y” precipitate sizes, shown in Figure 3, were also tested at all
baseline conditions. The resulting stress-strain curves for fully heat treated SC-180 are shown in
Figure 14(b). The fully heat treated specimens still had less ductile stress strain curves in tests at 1010 °C,
and failed before reaching 0.70 mm/mm true strain. Compressive strength was modestly increased for
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Figure 13.—SEM secondary electron images (upper) backscattered electron images (lower) of fractured areas
in longitudinal sections of LSHR after compression testing at 1077 °C-3 s~": (a) coarse grain heat treatment,
(b) fine grain heat treatment, (c) fine grain water quenched heat treatment. Intergranular failure predominated for
all these heat treatment states.

some test conditions over that of the baseline solution heat treated specimens. In addition, the test at a
temperature of 1096 °C now also displayed an unstable stress-strain response. Therefore, the full heat
treatment with refined y” precipitate sizes did not improve the flow response of SC-180, but extended the
temperature range of this unstable response to cover 1010 to 1094 °C.

The maximum stress generated during each test was again selected for comparisons of stress with
respect to heat treatment condition, strain rate, and temperature. Plots of maximum stress versus
temperature and versus strain rate are shown in Figure 15(a) and (b). Variations in maximum stress are
evident for each heat treatment condition with temperature and strain rate. Here, the maximum stress was
modestly higher for fully heat treated over as-solution heat treated SC-180. While a clear trend of stress
versus temperature is apparent for each condition, additional variations in stress due to strain rate are also
clearly evident.

The strain rate sensitivity m was evaluated by again fitting linear regression equations to the log(Max
stress) data as a function of log(strain rate) at constant temperature. The log(Max stress) responses of
SC-180 versus log(strain rate) are shown in Figure 16. Higher strain rate sensitivity was observed for tests
at 1177 °C than those at 1010 °C. Heat treatment condition did not have a large or consistent effect on
strain rate sensitivity. Instead, the strain rate sensitivity m was below 0.1 for all these test conditions, and
hence SC-180 in both heat treat conditions did not display a true superplastic response. Yet, the stable
flow to a high true strain of 0.7 mm/mm observed at the highest temperature of 1177 °C suggested
thermo-mechanical processes involving compression of sections in the <001> crystallographic directions
could be viable in these conditions.
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Figure 14.—SC-180 true stress-true strain response after: (a) initial solution heat treatment,
(b) subsequent solution and aging heat treatments.
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Figure 15.—Maximum stress response of SC-180 versus: (a) temperature and (b) strain rate for solution heat
treated material shown in open symbols and fully heat treated material shown in filled symbols.
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Figure 16.—Log(Maximum stress) versus log(strain rate)
response of SC-180 for solution heat treated material shown
in open symbols and fully heat treated material shown in filled
symbols. The low slopes of the regressed lines indicate low
strain rate sensitivities m at 1010 °C (blue lines) and 1177 °C
(red lines).
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The dependencies of maximum compressive stress on temperature and strain rate were generally
consistent with several studies of tensile yield strength versus strain rate on single crystal superalloy
PWA 1480 (Refs. 23 and 24). The unstable response that occurred in the present tests at the lowest test
temperature near 1010 °C for various strain rates cannot be fully explained at this time. Other studies of
failure modes in single crystal superalloys near this temperature have more usually reported cracking
normal to the loading axis in tension (Refs. 25 and 26), while no relevant publications could be found
describing their failure modes in compression near this temperature.

Deformation-Slip Relationships

Images of the deformed specimen cross sections observed for solution heat treated and fully heat treated
SC-180 specimens after varied compression test conditions are compared in Figure 17 and Figure 18. The
images are arranged in rows as isotherms in order to indicate changes with increasing compression test
temperature and in columns of increasing strain rate. Severe cracking was observed in tests at the lowest
temperature of 1010 °C. Only minor cracks were observed at the side surfaces of specimens deformed at the
highest temperatures. Fully heat treated SC-180 specimens displayed the same trends.

(a) (b) (c)

(d)

(e) (9)

Figure 17.—Optical images of longitudinal specimen sections for solution heat treated SC-180 after: (a) 1010 °C-
0.01s™", (b) 1010 °C-1.0 s7*, (c) 1010 °C-10 s, (d) 1093 °C-0.1 s, (e) 1177 °C-0.01 s7*, (f) 1177 °C-1 s,
(g9) 1177 °C-10 s~ the loading direction is vertical. Cracking occurred along slip bands during unstable
deformation near 1010 °C.
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(b)

(d)

(e)

Figure 18.—Optical images of longitudinal specimen sections for fully heat treated SC-180 after: (a) 1010 °C-0.01 s,
(b) 1010 °C-1.0 s, (c) 1010 °C-10 s, (d) 1093 °C-0.1 s7", (e) 1177 °C-0.01 s7*, (f) 1177 °C-1 57, (g) 1177 °C-10 s~
the loading direction is vertical. Cracking occurred along slip bands during unstable deformation near 1010 °C.

Images at higher magnifications from longitudinal metallographic sections prepared from selected
SC-180 specimens are compared in Figure 19 and Figure 20. Slip bands sometimes accompanied by shear
cracks were observed in as-solutioned and fully heat treated SC-180 specimens tested at 1010 °C, but not
at higher temperatures. Images at higher magnification showing the slip bands from SC-180 specimens
tested at 1010 °C are shown in Figure 20. It appeared that very fine recrystallized grains could be present
within the slip bands. However, these features were too fine to confirm at the present time that these were
recrystallized grains. Very similar features that were confirmed to be recrystallized grains have been
observed, accompanied by preferential cracking, in specimens of CMSX-4 subjected to thermo-
mechanical fatigue cycles extending up to 1000 °C (Ref. 27). This suggests that these features observed in
the present study could help explain the unstable compression response of SC-180 at 1010 to 1094 °C.

Typical fracture surfaces produced in shear failures during several tests at 1010 °C are shown in
Figure 21. The planar failures occurred along slip bands, visible on the specimen sides adjacent to the
failures. Such planar crystallographic fracture modes have been reported for numerous single crystal
superalloys after tensile and fatigue loading at lower temperatures (Refs. 25 to 27). However, reports of
slip plane failures in monotonic compression at the present conditions were not found in the published
literature.
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Figure 19.—Scanning electron microscope BSE images of deformed microstructure at the center of each cross
section for solution heat treated (left) versus fully heat treated (right) SC-180 after testing at (a) 1010 °C-1 s,
(b) 1177 °C-1 s,

T661-1850F 20.0kV 12.0mm x20.0k GWBSE

Figure 20.—Scanning electron microscope BSE images of slip bands near the center of each cross section after
testing at 1010 °C-1 s~" of (a) solution heat treated (left) versus (b) fully heat treated (right) SC-180.
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(a) (b)

Figure 21.—Optical and scanning electron microscope SE images of fracture surfaces from (a) solution heat
treated versus (b) fully heat treated SC-180 after testing at 1010 °C-1 s~".

Comparisons of LSHR and SC-180 Compression Stress-Strain Responses

Maximum stress was used for comparison of compression responses between the two alloys. In order
to consistently compare the effects of changing temperature and strain rate on maximum stress generated
between the two alloys, forward and reverse stepwise selection linear regressions of the common
logarithm of maximum stress were performed separately for each alloy, using the same variables
standardized as described in equation 1: temperature (7”), the common logarithm of the strain rate
((log(de/dt)"), and their interactive product. The resulting linear regression equations were:

Coarse grain LSHR: log(Max. stress) = 2.3978 — 0.4875 7'+ 0.2413 log(de/dt)’ 3)
with an adjusted coefficient of determination R% = 0.93 and rms error = 0.1149.

Solution heat treated SC-180: log(Max. stress) = 2.7997 — 0.1735 T'+ 0.0963 log(de/dt)’ )
+0.0381 7" log(de/dt)’

with an adjusted coefficient of determination R%4; = 0.95 and rms error = 0.0393.
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Fully heat treated SC-180: log(Max. stress) =2.8296 - 0.1572 7"+ 0.0947 log(de/dt)’ )
+0.0260 T" log(de/dt)’

with an adjusted coefficient of determination R%g = 0.98 and rms error = 0.0190.
Plots of actual maximum stress versus that estimated by these equations are shown in Figure 22 for

LSHR and SC-180, which indicate satisfactory agreement.

In these regression equations, the greater magnitude of the coefficient for temperature than the
coefficient for log(strain rate) with each alloy reflected that temperature over its range of variation had a
stronger influence in reducing maximum stress than did log(strain rate) over its range of variation in these
tests. The greater magnitudes of the coefficients for temperature and log(strain rate) for LSHR than for
SC-180 reflected that maximum stress in LSHR was more strongly affected by these variables than for
SC-180 over the range of tested conditions. This can be attributed to the presence of grain boundaries in
LSHR, where grain boundary sliding can allow more enhanced flow with increased temperatures than for
SC-180. The interaction product of the temperature (7”) and the common logarithm of the strain rate
((log(de/dt)"), was found to be statistically significant in both solution heat treated and fully heat treated
SC-180. This term in the equations indicates that maximum stress was enhanced for SC-180 by
combinations of high temperature and high strain rate. This interaction term did not have a significant
effect on maximum stress for LSHR.

Deformation-Heating Relationships

Adiabatic heating during compression testing at high temperatures has been reported in compression
tests of many polycrystalline superalloys (Ref. 20). This heating is generally encountered at high
temperatures and high strain rates (Ref. 28). In the present tests, such dynamic heating was usually
compensated for by the direct resistance heating system employed, through a closed-loop control system
which maintained the temperature of the spot-welded thermocouple at mid-gage. Consequently, no
consistent dynamic temperature increase was recorded between the start of the test and the instant of
attaining peak stress in the compression tests of LSHR. However, this was not always the case in tests of
SC-180. The measured dynamic temperature increase between the start of the test and the instant of
attaining maximum stress is shown versus strain rate and starting test temperature for all tests of SC-180
in Figure 23. A significant dynamic temperature increase was apparent in tests of SC-180, maximized in
tests at 1010 °C performed with a strain rate of 10 s~!. These dynamic temperature increases were highest
for fully heat treated SC-180.

To test the statistical significance of this observation, forward and reverse stepwise selection linear
regressions of the dynamic temperature rise from the start of the test to attainment of maximum
compressive stress were performed separately for LSHR, solution heat treated SC-180, and fully heated
SC-180, using the same standardized variables of temperature (T"), log(strain rate) (log(de/dt)"), and their
interactive product. No significant relationships could be derived for LSHR. However, for SC-180
significant linear regression relationships were present:

Solution heat treated SC-180: Temperature Increase = 6.9 — 3.4 7'+ 9.2 log(de/dt)’ 6)
-4.7 T' log(de/dr)’

with an adjusted coefficient of determination R%g4 = 0.95 and rms error = 3.0.

Fully heat treated SC-180: Temperature Increase = 13.8 — 10.2 7"+ 13.8 log(de/dt)’ )
- 14.5 T" log(de/dt)’

with an adjusted coefficient of determination R%g = 0.82 and rms error = 7.6.
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Figure 22.—Comparisons for agreement of estimated versus actual maximum compressive stress values using
the regressed Equations (3), (4), and (5) with standardized variables T"and log(R) " for (a) coarse grain LSHR,
(b) solution heat treated SC-180, and (c) fully heat treated SC-180. The dashed lines represent perfect agreement.
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Figure 23.—Temperature rise from the start of the test to attainment of maximum stress versus (a) test
temperature, and (b) strain rate for SC-180. Significant temperature rises occurred for tests at 1010 °C
and high strain rates in spite of the closed-loop temperature control system.

The relationships indicated that the dynamic temperature increase was correlated with increasing
strain rate, decreasing test temperature, and enhanced for combinations of low temperature and high strain
rates. Comparison of the relationships indicated the temperature increase was enhanced for fully heat
treated SC-180 over that of solution heat treated SC-180. These results suggest there were higher rates of
adiabatic heating during compressive loading of single crystal SC-180 than for polycrystalline LSHR in
these conditions, which the temperature control system could not fully compensate for. Additional testing
would be necessary to fully confirm and evaluate this effect, perhaps with the closed-loop temperature
control temporarily suspended during compressive loading. However, other factors could also be
influencing the observed temperature increases. For example, this heating control system could have been
influenced by interactions between the temperature control and inhomogeneous slip events during tests of
SC-180, as evident in the inhomogeneous slip bands of cross sections presented in Figure 19 and Figure 20.

Summary and Conclusions

1. Polycrystalline disk superalloy LSHR and single crystal blade superalloy SC-180 can allow
substantial stable compressive deformation at maximum stresses that vary with strain rate, when
combined with suitable test temperatures.

2. A test temperature near 1177 °C could be suitable for stable compressive deformation of SC-180, but
lower temperatures of 1010 to 1093 °C are necessary for stable compressive flow of LSHR.
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3.

This could allow thermo-mechanical processes such as hot pressing and forging to be applied to both

the polycrystalline and single crystal superalloys for certain applications, provided suitable process
controls and die materials can be utilized at their suitable temperatures and strain rates.

4.

Both superalloys give unstable response and failure in other compression test conditions, occurring at

lower test temperatures for SC-180 than for LSHR.

5.

Unstable compression response of LSHR is associated with dynamic recrystallization at the highest

test temperature, allowing void formation and cracking to occur at grain boundaries.

6.

Unstable compression response in SC-180 is associated with slip concentrated in deformation bands

at lower test temperatures, promoting shear failures.

10.

11.

12.

13.

14.
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